We discuss the recoupling of homonuclear dipolar interactions between quadrupolar nuclei under magic-angle spinning conditions, caused by the first-order quadrupolar interaction. This recoupling leads to NMR linewidths displaying a nonmonotonic dependence on the spinning frequency, meaning that broader lines may result as the spinning rate is increased. The effect depends on geometrical parameters of the spin system, which makes it suitable for distance measurements and for obtaining the relative orientations of dipolar and quadrupolar tensors. We propose a theoretical model of the dipolar recoupling based on average Hamiltonian theory, and find it in good agreement with numerically exact simulations and experiments on Iϭ3/2 systems.
I. INTRODUCTION
Magic-angle spinning ͑MAS͒ NMR is used extensively as a tool for obtaining structural and dynamical information on a wide variety of solid systems. Combined with high power proton decoupling, MAS efficiently suppresses the effects from anisotropic interactions and allows one to obtain high resolution spectra on powders containing dilute spin-1/2 nuclei such as 13 C and 15 N. The averaging of MAS on spins-1/2 has been a topic of active research for several decades, [1] [2] [3] [4] [5] [6] [7] as has been the search for MAS techniques that selectively reintroduce certain spin interactions while suppressing others. [8] [9] [10] [11] Particularly important in this regard has been the development of methods for recoupling the through-space dipolar interactions, 12, 13 which can facilitate spectral assignment and convey distances and molecular geometries.
Similar developments stand at a less advanced stage in the area of NMR spectroscopy on quadrupolar nuclei. This is in part a consequence of the broad peaks that may arise even when detecting the central transition spectra of these spins, unaffected by the quadrupolar interaction to first order, 14 but not free of second-order quadrupolar effects. Yet the advent of new methods for obtaining high-resolution spectra of quadrupolar nuclei under MAS conditions 15, 16 gives new relevance to investigating the nature of dipolar effects in such systems. Accordingly, attention has recently been given to analyses of the spectral broadening arising from dipolar couplings between half-integer quadrupolar nuclei. [17] [18] [19] [20] [21] [22] [23] [24] This article discusses some of the basic features of homonuclear interactions between quadrupolar nuclei undergoing MAS, and their effects on the NMR spectra. At first sight, dipolar effects on the central transitions of half-integer quadrupolar nuclei may not appear very different from their spin-1/2 counterparts, and one would expect that fast MAS should readily average them out. However, as is illustrated in Fig. 1 , the noncommutation of quadrupolar and dipolar interactions leads to a quadrupolar-driven recoupling of homonuclear spin-pair dipolar interactions that persists even at very high spinning frequencies. The broadened central transition NMR line shapes resulting from this quadrupolar recoupling depend nonmonotonically on the spinning frequency, and the spectral features and broadenings are strongly dependent on the spin number I.
Duer et al. recently discussed homonuclear spin-spin interactions between quadrupolar nuclei 18, 19 in the context of the MQMAS experiment. 25, 26 More closely related to the effects presented in Fig. 1 is the recent work of Facey et al. 27, 28 Here dipolar-quadrupolar correlations between two coupled deuterions were pointed out and analyzed in the limit of small quadrupolar couplings ͑relative to the spinning frequency͒ using average Hamiltonian theory ͑AHT͒. In several cases, however, the magnitudes of the quadrupolar frequencies are not small compared to the spinning frequency. Consequently, an alternative description is presented here. This theoretical model of the quadrupolar-driven recoupling is based on an average Hamiltonian treatment in the interaction frame of the quadrupolar interactions, and is valid for any spin number and for all ranges of MAS frequencies and quadrupolar couplings. We also investigate the quadrupolardriven recoupling further by means of both numerically exact simulations and experimentally on half-integer quadrupolar nuclei, and observe results that are found in good general agreement with the analytical theory.
II. THEORY

A. The effective quadrupolar-driven recoupling hamiltonian
In order to elucidate the nature of the quadrupolar-driven recoupling, we consider two coupled quadrupolar nuclei j and k of spin I, undergoing MAS at the rotational frequency r . For simplicity, we shall for the moment ignore J-couplings, chemical shift anisotropies, and second-order a͒ Author to whom correspondence should be addressed. Electronic mail: lucio@uic.edu quadrupolar interactions. For a single orientation in the powder, the high-field rotating-frame Hamiltonian is then
Here H iso contains the isotropic chemical shifts
The dipolar and quadrupolar Hamiltonians are given by
where T Lm denotes the mth component of an Lth rank irreducible spherical tensor operator. 29 The dipolar frequency jk (t) and the quadrupolar frequency p Q (t) are timedependent due to the MAS modulation: 
Here the components of the quadrupolar tensors in their principal axis system ͑PAS͒ are given by A 20
, and Q are their asymmetry parameters. 14 In these equations ⍀ PM is a set of Euler angles specifying the transformation between the PAS of each NMR interaction and a reference frame fixed on the molecule. The transformation from this frame to one fixed on the rotor is given by the angles ⍀ MR , which for a powdered sample are random. Finally, the z-axis of the rotor frame subtends an angle ␤ RL with respect to the static magnetic field direction; since magic-angle spinning is assumed throughout, ␤ RL ϭarctan ͱ2.
As the operators I
Ϯ in H D jk do not commute with the longitudinal I z 2 -terms in H p Q , the Hamiltonian in Eq. ͑1͒ is time-dependent and not self-commuting. Consequently an exact analytical expression for the time-evolution of the spins cannot be found, and one must resort to approximations. One such possibility is offered by AHT, 30, 4 which when applied to Eq. ͑1͒ over a rotational period r ϭ2/ r provides a time-independent effective Hamiltonian whose first two terms are 31 
H
This results in Axial quadrupolar tensors were assumed, placed perpendicular with respect to one another as well as to the direction of the dipolar vector. All spectra were convoluted with 100 Hz Lorentzian line-broadening, and in the absence of the dipolar coupling they show a sharp singlet. In the case Iϭ1 the simulations employed stroboscopic sampling for ease of comparison: this provides line shapes free from first-order quadrupolar effects and with all transitions superimposed. Only the central transitions were calculated for the half-integer nuclei. The calculations were performed using the COMPUTE algorithm ͑Ref. 43͒, and 1154 ZCW ͑Refs. 44-46͒ orientations were used for powder averaging. On a 400 MHz Pentium computer, these simulations typically took 40 s, 2 min, and 20 min for Iϭ1, Iϭ3/2, and Iϭ5/2, respectively.
where
is valid for arbitrary spin numbers I. An equivalent expression was recently given in terms of fictitious spin-1/2 operators for the case of two coupled Iϭ1. 28 An analogous form was also derived by Maricq and Waugh for two coupled spins-1/2, 5 where they showed that noncommuting chemical shift anisotropies and dipolar couplings can lead to an nϭ0 ''rotational resonance'' recoupling. 32 Equation ͑11͒ can be considered as the quadrupolar analog of this effect, with the first-order quadrupolar interaction preventing the MAS averaging of the dipolar interaction and therefore leading to a line broadening proportional to b jk Q / r .
The Q / r -type dependence of the linewidths predicted by Eq. ͑11͒ is in agreement with numerical simulations and experiments as long as Q Ӷ r . These conditions, however, comprise only a minority of systems; usually quadrupolar coupling constants fulfill Q у r , and it is thus a more complex linewidth dependence that is observed ͑e.g., Fig. 1͒ . This breakdown of AHT stems from the fact that the quadrupolar couplings in Eq. ͑1͒ are actually larger than the modulation frequency r . These large terms, however, may be removed from the Hamiltonian by transforming it into a quadrupolar interaction frame 33, 22 
and the dynamic phases defined by ⌽ p Q (t,0) ϭ͐ 0 t p Q (tЈ)dtЈ, pϭ j,k. These phases are related to the quadrupolar Fourier coefficients of Eq. ͑8͒ by
As the chemical shifts and the I jz I kz term of the dipolar interaction commute with U Q (t,0), the interaction frame Hamiltonian may be written as
The ''interesting'' dynamics here are contained in H D jk (t), the flip-flop part of the dipolar Hamiltonian. By identifying in Eq. ͑3͒ Ϫ
k , this noncommuting term may be expressed as
͑17͒
The time-dependence imposed on the T 1m j T 1Ϫm k terms by U Q (t,0) may be derived from the results of Bowden et al. 34, 35 
͑18͒
Here the Q L j L k (t) terms are given by products of oscillatory functions of the quadrupolar phases exp͕iC I ⌽ p Q (t,0)͖, where the constant C I depends on the spin number: C I ϭ ͱ 3 2 for integer spins and C I ϭͱ6 for half-integer spins. Since the quadrupolar couplings are themselves oscillating at frequencies Ϯ r and Ϯ2 r , the functions exp͕iC I ⌽ p Q (t,0)͖ may be written as infinite Fourier-Bessel series with base frequency r :
͑19͒
Contributions to the a ⌳ (n) coefficients arise from the phases accumulated by the individual quadrupolar frequencies
. The interaction frame dipolar Hamiltonian in Eq. ͑17͒ may be cast as
It follows that H D jk (t) is given by the product of two time-dependent terms: the dipolar coupling jk (t) modulated at frequencies Ϯ r and Ϯ2 r by the action of MAS, and the functions Q L j L k (t) that are modulated at frequencies n r (nϭ0,Ϯ1,Ϯ2,...) due to the time-dependence imposed on the spin parts of the Hamiltonian by the transformation operator U Q (t,0). Equation ͑20͒ thus conveys the basic mechanism of the quadrupolar-driven dipolar recoupling: recoupling occurs because the time-dependence of Q L j L k (t) cancels the MAS modulation of jk (t). This idea can be exploited further to derive an explicit recoupling Hamiltonian. Since the phases ⌽ p Q (t,0) refocus over one rotational period ͓U Q ( r ,0)ϭ1͔, and
͔, the application of AHT in the interaction frame is suitable. Taking the average of Eq. ͑16͒ over one rotational period then gives
From these equations, analytical expressions of the recoupled dipolar Hamiltonian can be derived for any spin number I. Explicit expressions for the cases Iϭ1 and I ϭ3/2 are given in the Appendix. Figure 2 compares a series of MAS spectra resulting from powder averages of these interaction-frame AHT expressions with numerically exact simulations for various spinning frequencies. The spectra obtained from the Hamiltonian in Eq. ͑11͒ are also shown for comparison. As expected, good agreement is only obtained in this latter case when Q Ͻ r . By contrast, the interaction-frame average Hamiltonian from Eq. ͑22͒ describes the quadrupolar-driven recoupling over the entire range of Q / r values, as its derivation only requires that the dipolar coupling be much smaller than r and than the various quadrupolar frequencies. Furthermore, as will be described in more detail elsewhere, when such conditions are not met the Fourier coeffi-
B. A physical interpretation of the recoupling
Despite the abstract nature of the analytical expressions above, this AHT treatment provides qualitative insight into the dependence of the quadrupolar-driven dipolar recoupling on the spinning frequency. Since the interaction-frame dipolar Hamiltonian is proportional to ͕Q (n) ͖ ͓Eq. ͑21͔͒, which in turn depend on ͕a ⌳ (n) ͖ ͓Eq. ͑19͔͒, the extent of the recoupling will depend on the magnitudes of these coefficients. The ͕a ⌳ (n) ͖ set of coefficients originates from the time-evolution operator of the first-order quadrupolar coupling, and in physical terms a ⌳ (n) represents the amplitude of the nth order sideband in the MAS spectrum generated by the quadrupolar interactions ͑as well as by the sum and difference of the quadrupolar frequencies of the two sites͒. Furthermore, Eq. ͑22͒ shows that to first order in AHT only the amplitudes of the first-and second-order sidebands contribute to the recoupling. As is well-known, 5 the amplitudes of these MAS sidebands depend on the ratio between the magnitude of the NMR interaction and the spinning frequency, i.e., on Q / r . For small values of Q / r all intensity is concentrated at the centerband, whereas for large values of Q / r the total intensity is distributed over a large number of ͑weak͒ sidebands. In either of these cases, Eq. ͑22͒ predicts that the dipolar recoupling effects are relatively small. By contrast, when Q / r Ӎ1, the first-and second-order sidebands of the quadrupolar effects have their highest intensities, leading to the most efficient recoupling and to the largest line-broadening. Although somewhat simplistic, this picture implies that the quadrupolar-induced dipolar linewidth for a homonuclear spin-pair passes over a maximum when the spinning frequency is about the size of the quadrupolar frequencies. Since quadrupolar frequencies are generally large (10 1 -10 4 kHz) and modern MAS frequencies are in the order of 10 1 kHz, the quadrupolar-driven recoupling will not be maximized for most spin systems. Therefore in a majority of cases, peak widths can be expected to increase as r increases. This runs counter to common experience in solid-state NMR, where increasing the spinning frequency normally leads to a decrease in the linewidths. However, such nonmonotonic recoupling behavior has been reported in homonuclear spin-pairs with Iϭ1/2 ͑Ref. 36͒ and predicted for Iϭ1 ͑Ref. 37͒ using a theoretical treatment similar to that given here. The following section gives preliminary examples of this unusual behavior in the quadrupolar-driven recoupling of homonuclear systems.
III. EXPERIMENTAL RESULTS
In order to test our theoretical predictions, experimental MAS NMR spectra from powders of various inorganic compounds containing the Iϭ3/2 nuclei 7 Li, 23 Na, and 79 Br were recorded. These salts were chosen mainly for their sizable and/or numerous homonuclear dipolar couplings, estimated from x-ray data compounds were purchased from Aldrich, and used after recrystallization. The spectra were recorded on a homebuilt spectrometer at 7.1 T, using a commercial 4 mm Bruker probe and single-pulse excitation. For the samples containing protons, high-power 1 H decoupling was employed. Attention was paid to the central transition linewidths as function of the spinning frequency. Figure 3͑a͒ shows the 23 Na linewidth in NaCl as function of r . This compound has negligible electrical field gradients; the quadrupolar-driven recoupling is then essentially nonexistent, and as predicted by Eq. ͑11͒ the peak narrows monotonically as r increases. A similar behavior is found for the 7 ϭ1.3) ; for KBr the Q / r ratio corresponding to the maximum linewidth cannot be reached within our range of spinning frequencies and the line becomes broader as the spinning frequency is increased.
The nonmonotonic dependence of the linewidth on the spinning speed is seen most clearly for LiOH•H 2 O. Figure 4 compares an experimental set of MAS spectra obtained on this compound against numerically exact two-spin simulations. This set of spectra further reveals how the central transition linewidths relate to the sideband structure from the satellite transitions: in accordance with theory, the broadest line is obtained when the absolute intensities of the first-and second-order sidebands are maximized. Numerical simulations ͑right panel of Fig. 4͒ reproduce well this overall experimental trend, especially when considering that only a single dipolar coupling and arbitrary orientations were assumed for describing such a complex multispin lattice.
IV. ADDITIONAL CONSIDERATIONS
As mentioned above, the actual extent of the dipolar recoupling depends on the sums and differences of the qua- 
, 0 /2ϭϪ117 MHz, and line-broadening 250 Hz. The magnified centerband is shown for each spectrum. drupolar frequencies involved. Hence it will be a function of both the coupling constants of each site, as well as the relative orientations between these tensors. Furthermore if all anisotropies in Eq. ͑1͒ are axial and collinear, their spatial components can be factored out; the total Hamiltonian then commutes with itself at different points in time, and the recoupling ceases regardless of the values of the coupling constants. Figure 5 summarizes some of these orientationdependent considerations, illustrating line shapes that can be expected for identical sets of quadrupolar coupling parameters, but different relative tensor orientations. These plots also evidence an increase in the effective recoupling strength as the quadrupolar tensors become noncoincident, as pointed out in Ref. 28 . The plots also yield an additional proof for the excellent agreement between the predictions of the analytical and numerical methods.
So far we have been concerned with spin systems affected solely by first-order quadrupolar and dipolar effects, as in this case the nature of the recoupling is most easily understood and its consequences most evident. The quadrupolar-driven recoupling, however, will also be strongly affected by field-dependent effects, including chemical shifts and second-order quadrupolar interactions. Neither of these interactions commute with the dipolar flipflop terms, and they will generally truncate the effects from the dipolar coupling. 18, 19 The quadrupolar-driven recoupling is therefore most prominent for spins with equal isotropic chemical shifts, relatively small quadrupolar coupling constants, and large Larmor frequencies.
An idea of the truncating effects that can be expected from quadrupolar and chemical shift effects is conveyed in Fig. 6 . In the case of large second-order quadrupolar effects, the dipolar broadening of MAS line shapes is typically small compared with the second-order broadenings themselves. Yet as shown by Figs. 6͑a͒ and 6͑b͒ the dipolar couplings may still distort the second-order line shapes significantly, thus affecting the accuracy with which quadrupolar parameters can be extracted by fitting of experimental line shapes if homonuclear couplings are neglected. The dependence of the recoupling on the relative orientations between the various tensors involved is again evident from these plots. Furthermore, since the second-order quadrupolar dispersion scales inversely with the Larmor frequency, the effects of the quadrupolar-driven recoupling can be expected to grow as the static magnetic field increases.
As for isotropic chemical shifts, numerical simulations and experiments demonstrate that even small shift differences between the spins markedly attenuate the recoupling. The truncating effects of isotropic chemical shifts on the quadrupolar-driven recoupling are exemplified in Figs. 6͑c͒-6͑f͒. In this respect, the behavior displayed by quadrupolar spins is similar to that of coupled spin-1/2 nuclei. 32 Simulations indicate that anisotropic chemical shifts also interfere with the quadrupolar-driven recoupling, particularly if they are substantially larger than the dipolar coupling ͑data not shown͒. Yet homonuclear dipolar interactions as well as quadrupolar-driven effects become again significant at rotational resonance conditions. A more detailed analysis on the effects of the quadrupolar-driven recoupling at rotational resonance will be reported elsewhere.
As the MQMAS experiment 25, 26 has become a most widely used technique for obtaining high-resolution spectra of quadrupolar nuclei, it is also worth referring to how quadrupolar-driven recoupling phenomena affect it. From numerical simulations and experiments ͑not shown͒, it follows that the quadrupolar-driven recoupling has different impact on the various transitions of the spin system. Broadening effects from the quadrupolar-driven recoupling seem much less pronounced in the isotropic dimension of an MQ-MAS spectrum than in its anisotropic dimension. Therefore it appears that from a resolution standpoint, the MQMAS technique successfully suppresses most of these homonuclear dipolar effects. 
V. CONCLUSIONS
This work investigated how the presence of quadrupolar interactions may interfere with the MAS averaging of homonuclear dipolar couplings between quadrupolar nuclei. This effect is unusual in that it enables first-order quadrupolar interactions, which do not affect symmetric Ϫm↔m transitions, to result in broadened central transition MAS spectra via a dipolar recoupling. The extent of the quadrupolardriven dipolar recoupling depends on several factors: ͑i͒ the magnitudes of the quadrupolar frequencies relative to the spinning frequency, ͑ii͒ the relative orientations between the dipolar and quadrupolar tensors, ͑iii͒ the relative orientations between the two quadrupolar tensors, ͑iv͒ the spin number of the nuclei, and ͑v͒ the presence of chemical shifts and second-order quadrupolar interactions. We have shown that all of these effects can be accounted for either numerically, or analytically by a quadrupolar interaction-frame AHT treatment.
In many cases the dipolar effects being discussed here are too small to cause a significant line broadening of the spectral peaks, but may still be exploited in magnetizationtransfer experiments among homonuclear systems of quadrupolar nuclei. In fact the strong dependence of the quadrupolar-driven recoupling on geometrical parameters may enable its use for distance measurements, for determinations of the relative orientations between the dipolar and quadrupolar tensors, as well as between the quadrupolar tensors themselves. Quadrupolar-driven recoupling effects will also play a significant role when attempting to adapt existing spin-1/2 methods of homonuclear recoupling to quadrupolar nuclei.
From a spectroscopic point of view, the most unusual feature of these recoupling effects is probably their enhancement with increasing spinning rates. Yet similar concepts apply to a wide variety of recoupling phenomena, including spin diffusion between isolated spin-1/2 pairs as well as line broadening effects in systems of strongly-coupled spin-1/2 nuclei. 36 A generalization of the theory given here to such systems will be given elsewhere.
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APPENDIX
Here we present expressions for the quadrupolar-driven dipolar recoupling Hamiltonian for the cases Iϭ1 and I ϭ3/2. It follows from Eq. ͑17͒ that the first-order average Hamiltonian may be written as
The coefficients L j L k in Eq. ͑A2͒ may be described in terms of the functions
͑A3͒
where a ⌳ (n) is given by Eq. ͑19͒. Explicit expressions of the ͕ L j L k ͖ sets for Iϭ1 and Iϭ3/2 are given in Tables I and II. When combined with the irreducible spherical tensors,
T 3Ϯ1 ϭϯ ͱ these can be used to derive the average Hamiltonians in terms of spin product operators. For instance when Iϭ1 one has
